Abstract-High-speed train (HST) has drawn considerable attention and become one of the most preferable conveyance mechanisms. Every year the manufacture corporations achieve a higher speed record and expect to attain 1000 km/h by 2021 using hyperloop one technology. Moving at such a high speed results in a high handover rate which makes it challenging for high speed railway mobile wireless communication to preserve steady link performance. Employing distributed antenna systems (DASs) along with the two-hop architecture, this paper proposes a fast predictive handover algorithm. In this strategy, the serving cell starts the handover preparation phase in advance by inferring the train's current location. Issuing the handover preparation phase in advance reduces the handover latency and handover command failure probability as well. Lower handover command failure probability means lower handover failure probability which could greatly improve the end-users' quality of service (QoS). The analytical results show that the proposed scheme outperforms the conventional handover scheme.
I. INTRODUCTION
Currently, high-speed railway is considered as the most flourishing transportation means. The main reason behind that is the global shift towards greener environment. As a result, high-speed train (HST) mobile communication systems have to provide services to end users with high quality of service (QoS) [1] in order to attract larger numbers of commuters. Nonetheless, the most up-to-date technology is optimized for low mobility situations.
One of the most crucial challenges faced by HST mobile communication system is the frequent handovers. For instant, an handover would be triggered every 20s supposing a speed of 100 m/s along with a coverage area of 2 km. In such scenarios, the QoS would be hard to maintain resulting in deteriorating the system performance.
The current handover solutions can be divided into three main categories. The first category is the location based triggering using the global positioning system (GPS) signaling [2, 3] . This approach results in standardization overhead and it is unreliable in the cases of poor GPS signal reception, e.g., in tunnel scenario. The second one is the dual link approach where there are two antennas [4, 5] . One is located on the train front and the other is on the train rear. The front antenna performs the handover scheme with the target cell while the rear antenna keeps the current link with the serving cell. The third one is distributed antenna system (DAS) based approach [6] . DAS based system architecture provides a twofold target of enhancing the spectrum efficiency and the handover protocol performance.
DAS network architecture dedicated for HST environment includes numerous remote antenna units (RAUs) arranged linearly along the track controlled by the same central unit (CU) which is used for signal processing operations [7, 8] . CU is linked to its own controlled RAUs through either optical fiber or wireless links. Since CU is able to control RAUs up to 20 km and no handover is required between them through exploiting frequency switch (FSW) scheme proposed in [9] . Thereby, DAS is believed to be the most vital approach to solve the inherited frequent handovers issue in HST. This paper utilizes the two-hop architecture [10] [11] [12] illustrated in Fig. 1 , i.e., RAU-relay [13] hop and relay-access point (AP) hop. By employing a mobile relay (MR) on the train's top, each train's coach has its own AP which links the user equipments (UEs) inside the carriages with RAUs through the MRs. Moreover, DAS based radio over fiber (RoF) system will be deployed linearly along the track in a one dimensional fashion, as the new HST tracks tend to have less inclination angles, which means the RAUs are deployed right at the side of the rails. This paper proposes a fast predictive handover scheme to decrease the handover failure (HoF) probability by decreasing the failure probability of the handover command/radio resource control (RRC) connection reconfiguration (RCR) command. The main motivation behind that is the recent result published in [14] which demonstrates an HoF rate of 21%, wherein the RCR failure is the dominant cause behind those failure events. The proposed algorithm is encouraged by the feature of the dedicated linear one dimensional DAS network architecture, where the target RAU is always the next one. Whilst, in traditional hexagonal arrangement, cells are deployed in a random fashion and as a result the target cell can't be anticipated in advance. The performance of the proposed scheme is assessed when the train switches from coverage area of one RAU linking to serving CU to the coverage area of anther RAU linking to the target CU in terms of handover failure probability, handover latency, and the required overlapping area. The numerical results verify that our proposed approach outperforms the traditional handover scheme.
The remainder of this paper is organised as follows. Section II introduces the proposed scheme. Performance analysis is presented in Section III. paper.
II. PROPOSED HANDOVER SCHEME
In contrast to the conventional two-dimensional cell layout where there are multiple candidate target cells (see Fig. 2 ) located at random distances to the rail track, the linear onedimensional DAS based layout shown in Fig. 1 should lead to a more straightforward handover strategy. Therefore, taking advantage of the specialized DAS network architecture and the HST linear track deployment is the main motivation behind the proposed handover scheme. Subsequently, this leads to handover the MR to the next solely neighboring cell. The details are presented in the following subsection.
A. Proposed CU-CU Handover
Herein, an enhanced fast predictive handover scheme is proposed including the following four stages: handover preinitiation, handover initiation, handover execution, and finally handover finalization. Fig. 3 illustrates the signaling flow of the traditional scheme, while Fig. 4 illustrates the signaling flow of the proposed scheme. The details are as follows.
Stage I handover Pre-initiation 1) If the MR senses the need to send a measurement report (mr) to serving cell (C ) in order to switch the MR from the serving RAU to the target RAU (both under the same C control), then C identifies if the target RAU is the latest controlled one.
2) Upon confirming, C initiates stage II by pursing one or even all of the subsequent approaches cooperatively to increase accuracy.
A) C observes the received frequency from the MR (of the latest RAU) until is smaller than the source frequency used by the MR ( < ) and is continuously decreasing for a number of consecutive times such that +1 > +2 ...> + . Note that is directly related to the RAU coverage area and the maximum system speed. According to the Doppler frequency shift properties, > when the source (i.e. MR/train) moves towards to the fixed observer (i.e. one RAU linking to C ); = when the MR passes the observer; < when the MR movies away from the observer according to the formula = (1 + 2 ⋅ / ). When the MR is approaching, increases in the range of (0, /2) and decreases resulting in > until = 0. After the train is passing by the observer, increases in the range of ( /2, ) and decreases from zero to negative value [15] . B) The MR initiates the initiation stage by sending mr if the received signal strength (RSS) of the target is less than the triggering threshold by some value (two triggering events) or by setting an earlier triggering threshold (one triggering event).
C) C can predict the MR location, for example, if we assume that the MR communicates with C every 10 ms and C can prognosticate the MR speed through the received signal power degradation caused by the ICI effect. The power loss due to Doppler shift can be obtained according to
and consequently the MR speed can be obtained. Even if the MR is changing its speed, C can easily calculate that change since the train does not change its speed in a random fashion. For example, it takes 15 minutes for HST in Taiwan to speed-up from 0 to 83.3 m/s [15] . Also, C should consider the MR's next location by taking into account the round trip time (RTT) of the system. For example, LTE system has a RTT of 70-140 ms [16] .
Therefore, C can predict that the MR is very close to the normal handover triggering event using one or all the above approaches.
Stage II Handover Initiation 3) Upon fulfilling the above conditions, C requests the targeted CU (C +1 ) to handover UEs beforehand by triggering the handover request to C +1 . 4) Thereafter, C +1 executes the admission control algorithm to evaluate its ability to accept the request. C +1 then responds with handover request acknowledgment (ACK) back to C if it has the requested resources.
5) Once the RSS threshold is satisfied, the MR triggers the report back to C to initiate the handover decision process. 6) Upon receiving the mr, C performs the handover decision algorithm to determine whether to handover. If C determines to handover, C will transmit RCR message to MR directly. RCR message includes parameters necessary to access C +1 . Execution and finalization stages are the same as the standard.
B. Analytical Model
Herein, only the main path signal will be taken into account as the high speed trains travel through rural or viaduct areas most of the times, and multi-path effect could be ignored [17] . Using the blanket transmission strategy among RAUs, the RSS measured by the MR at the th time interval from RAU ( ∈ , ) is denoted by , and can be derived as
where is the transmitted power with a normalized noise power per RAU that includes the inter-carrier interference (ICI) stemming from the Doppler frequency shift, and can be obtained as follows
where
is the ICI power for orthogonal frequency division multiplexing (OFDM) system [18] [19] [20] [21] , as the system employs the LTE-A which uses OFDM as a radio interface in the downlink. And = ( ⋅ )/ is the maximum Doppler frequency shift.
in (1) refers to the path loss between / and the MR. According to D2a scenario available in WINNER II model [22] 
where is the distance between the MR and the th RAU, is given by ( (4) Table I shows the notations used in this paper and their correspondent definitions.
III. PERFORMANCE ANALYSIS
In this Section, the proposed algorithm is theoretically analyzed. Matlab simulation tool is used to verify the analytical model. The results show that the proposed strategy performs better than the conventional one.
A. Handover Probability
In this subsection, we will calculate the handover triggering probability at the position which satisfies the triggering condition ( ≥ ). Subsequently, the handover probability of the proposed and the conventional schemes can be found as follows 
B. Handover Failure Probability
Failure events happen when one of the negotiated commands through the air is lost, then, the transmitter have to send it again. The MR declares a handover failure event when the maximum number of retransmissions has been reached. To obtain the maximum possible number of trials for this particular scenario, the handover preparation phase is assumed to be triggered at the beginning point of the overlapping area. Subsequently, the maximum number of retransmissions for the overall handover procedure can be get as [5] = ⋅ ( + + 304) .
(6) means that the maximum retransmission times can be incremented by either extending the overlapping area or decreasing the operation time of the denominator assuming a constant speed. The associated total handover failure probability in terms of can be found as
While the following represents the failure probability for one attempt
Decreasing the preparation time will reduce the overall handover failure probability, as the RCR failure probability shown in (9) can be improved, the improvement becomes even more significant when the used carrier frequency is very high and/or the train speed is very fast. The maximum number of trials associated with C side (RCR maximum trails count) is = ⋅ − ⋅ ⋅ . Fig. 5 illustrates P behavior verses , as can be seen, P decreases as increases. While Fig. 6 illustrates the total handover failure probability as a function of the MR location. It is clear that the proposed scheme performs better than the traditional scheme. Note that the optimal term in this paper refers to RCR command being successfully received by the MR from the first transmission attempt.
is assumed to be 4 ms for initial transmission (calculated from the moment of sending the initial transmission to ACK reception by the transmitter). While, the retransmission time is 12 ms (calculated from the moment of sending the initial transmission to ACK/NACK reception associated with the the first retransmission trial by the transmitter). Note that we have chosen 4 retransmission trails as a maximum trails number for the handover command, assuming that the propagation time is neglected and a frequency division duplex (FDD) case is considered here. 
C. Overlapping Area
The overlapping area between successive RAUs is a crucial factor in the overall system performance design. Increasing the overlapping area guarantees a successful handover. Therefore, obtaining a sufficient overlapping area is a decisive factor to assure a stable system performance. Fig. 7 shows the HoF probability for different overlapping areas under different speeds. It can be noticed that as the overlapping area increases the failure probability decreases, as this gives the system enough time to finish the handover successfully. Furthermore, the higher the speed the higher the failure probability and the more overlapping area required to reach the same performance. 
D. Latency
Handover latency is another decisive performance metric when it comes to user experience and the delivered QoS. The total average latency can be found as
where and ( = 304 + 311 + 301 see Table II ) are the handover latencies in case of a successful and failure situations, respectively. Fig. 8 shows the handover latency for the investigated cases. Note that is obtained for the worst case scenario where the timers are assumed to reach the maximum. Furthermore, Table III shows the handover latency of each scenario for a successful handover. The proposed scheme shrinks the handover decision phase up to 56.25%, and this gives the system a better chance to finish handover successfully with lower latency. Note that some parts of Table III calculation is based on [15, 23, 24] IV. CONCLUSION A fast predictive handover algorithm has been proposed in this paper based on dedicated one dimensional cell layout. The proposed scheme was analyzed and compared to conventional scheme in terms of failure probability, overlapping area, and average latency. Simulation results verified that the proposed scheme can improve the overall system performance.
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